. A-to-I RNA editing is conserved from humans to sea anemones 4 and is catalysed by enzymes of the adenosine deaminase acting on RNA (ADAR) family. Inosine preferentially base pairs with cytidine and is therefore functionally equivalent to guanosine. Thus, A-to-I editing can change the fate of an RNA molecule in numerous ways, including recoding its codons, creating or destroying splice sites and altering its role in the RNAi phenomenon.
It is therefore not surprising that malfunction of the editing machinery has been implicated in various human ailments 5 . Depression and schizophrenia, amyotrophic lateral sclerosis (ALS) and neuronal apoptosis following disruption of blood flow to the brain are all associated with abnormal editing patterns 5 . Furthermore, ADAR2 (also known as ADARB1) is needed to prevent hyperuricaemia 6 in certain tissues, and heterozygosity for functional null mutations in the ADAR1 (also known as DRADA) gene results in dyschromatosis symmetrica hereditaria 5 , a human pigmentary genodermatosis. These examples provide many incentives for the study of A-to-I editing.
In recent years the application of global approaches to the study of A-to-I editingincluding bioinformatics and highthroughput sequencing -has led to substantial discoveries that would have been impossible by previous means. These new discoveries range from the identification of a vastly greater number of editing sites to elucidation of the patterns in which editing takes place in a transcript, the regulation of the editing activity and the functional significance of the editing. This article reviews some of these recent global approaches to A-to-I RNA editing and their results.
Identification of editing sites
The existence of widespread A-to-I editing is suggested by the high inosine content of RNA extracts 7 . However, by 2003 only a handful of editing sites had been discovered, fortuitously, by comparing cDNA sequences derived from expressed RNAs to genomic DNA sequences. As inosine is reverse transcribed as guanosine, the identification of guanosine in cDNA and adenosine in genomic DNA was considered to be a hallmark of A-to-I editing [1] [2] [3] . To close the gap between the putative and the known number of editing sites, new and innovative approaches were needed.
Bioinformatics approaches. Before 2003, the lack of a means to predict editing sites from their sequence context hampered their identification. That year, Hoopengardner et al. 8 discovered that many editing sites are situated in especially conserved regions. Formation of a dsRNA structure that is suitable as an ADAR substrate requires an editing-site complementary sequence (ECS) lying elsewhere in the transcript to base pair with the sequence surrounding the editing site. Because even a synonymous mutation would disrupt this base pairing, many editing sites that convey evolutionary advantages are in conserved sequences that are recognizable by comparative genomics. By this approach, Hoopengardner et al. identified and verified 16 novel editing sites in Drosophila melanogaster and one in humans; more recent applications of their method 9 have extended these results. However, the total number of known editing sites remained limited, and not all editing sites are located within such conserved regions.
Because an A-to-I RNA editing event is detected as an A-to-G change in the cDNA sequence, one can also identify candidate editing sites by aligning and comparing publicly available cDNA sequences from expressed RNAs with their corresponding genomic sequences (FIG. 1a) . The problem is to separate true editing events from the background noise of A-to-G changes that are caused by SNPs, somatic mutations, pseudogenes and sequencing errors. This background noise can be minimized by ignoring A-to-G changes that correspond to validated SNPs and discarding cDNA sequences that are indicated to be of low quality by the presence of many mismatches in the cDNA-genome alignments. However, the false-discovery rate, as estimated by comparing the number of G-to-A and A-to-G mismatches detected in the same alignment, is still intolerable.
A strategy developed in 2004 overcame this problem by considering only clustered editing-site candidates [10] [11] [12] . Within such clusters, which are caused by especially long Elucidating the inosinome: global approaches to adenosineto-inosine RNA editing
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By comparison, the significance of editing sites found within coding sequences can be tested more easily, and therefore much recent effort has focused on identifying such sites. one study did this by examining the Alu-less mouse genome 14 . A search within the coding sequences of more than 10,000 well-annotated mouse genes identified ~2,500 conserved regions with the potential to form dsRNA structures. Deep sequencing of 45 regions that were considered particularly promising found ten new editing sites, eight of which recode codons. However, each of these sites is only edited in 0.6% to 2.4% of transcripts. With no evidence of a gain of function, which could make any minute level of editing significant, the editing sites of known biological significance remain few.
So, although bioinformatics approaches have raised the number of known editing sites by orders of magnitude, they also have shortcomings. They are blind to editing events that are not represented in the raw data, the confidence with which they report editing sites is often low, and their screening procedures can bias results. For example, screening for clustering causes over-representation of Alu editing. Bioinformatics methods are, however, well complemented by high-throughput sequencing technology.
High-throughput sequencing approaches.
As explained above, a bioinformatics search for editing sites that is not based on clustering will report many candidates without a bias towards Alu sequences, albeit each with intolerably low confidence. For these putative editing sites, Li et al. 15 developed a large-scale verification procedure using high-throughput sequencing.
using samples from a single human individual, 36,000 editing-site candidates lying outside repetitive sequences were captured by padlock probes, amplified and sequenced (FIG. 2) . This was done in parallel for cDNA from seven tissues and genomic DNA. In this way, 239 sites -55 in coding sequences, of which 38 caused recoding events -were identified for which only adenosine was seen in genomic DNA, whereas at least 5% of cDNA reads were guanosine in at least two of the seven tissues. A more detailed analysis of 18 of these sites verified 14, indicating a false-discovery rate of about one in five.
Although this error rate is an improvement on previous methods, it is still significant. In particular, caution is needed when looking for sites that are edited to a small extent or in few tissues. As our ability to carry out large-scale sequencing improves, experiments of this kind will probably have an increasing role in A-to-I editing research. Even so, a place remains for research using less standardized methods to identify large sets of edited transcripts. Recently, bioinformatics has been important in the field of adenosine-to-inosine (A-to-I) editing both as integral parts of many studies and in disseminating the results. a | When comparing publicly available esTs to genomic sequences, multiple editing leads to clusters of adenosine-to-guanosine differences (highlighted by the gs in red boxes) that are unlikely to originate from sources other than RNA editing [10] [11] [12] . b | Reversely oriented Alu sequences within the same transcript can form highly double-stranded RNA structures that are edited at multiple positions [1] [2] [3] , as exemplified by part of the 3′ untranslated region of the transcript encoding guanine nucleotide binding protein (g protein), beta polypeptide 4 (GNB4), the structure of which is shown here as predicted by mfold 38 . c | editing sites identified in this and other ways have now been gathered in the new database, the Database of RNA editing (DARNeD) 37 , which can be accessed through the UCsC genome browser. As shown here, five out of 14 editing-site candidates inferable from the esT data shown are currently in DARNeD.
Other approaches. A difficulty with any of the research discussed above is separating true editing sites from false discoveries. Recently, Sakurai et al. 16 reported a biochemical method to overcome this problem. The method, named inosine chemical erasing (ICE), uses inosine-specific cyanoethylation (FIG. 3a) , reverse transcription, PCR and direct sequencing to detect true editing sites (FIG. 3b) . In sequencing chromatograms, it enables guanosines that originate from inosine to be distinguished from those that originate from SNPs, somatic mutations, pseudogenes or sequencing errors -without requiring genomic DNA for reference or the isolation of total RNA from cells in which ADAR is inactivated by genetic depletion or RNAi. Application of this method to 1,277 predicted editing sites in human transcripts demonstrated its scalability. on the basis of sequencing chromatograms, 716 sites had guanosines in more than 10% of transcripts. The ICE method validated 677 of these guanosine peaks as originating from editing, whereas the remaining 39 seem to stem from other sources. Further searches for editing sites led to the identification and ICE validation of 4,395 novel human editing sites.
Innovative, non-standard ways to examine RNA editing such as ICE could both improve and complement the tools that are currently used. much of current research relies on known editing sites, which makes the ways we identify more of these sites worthy of optimization. That said, the positions of editing sites is only one of the interesting facets of ADAR editing.
Editing patterns one other aspect of A-to-I editing that we would like to understand is whether several editing sites in the same transcript are edited independently or in a coordinated manner. To answer this question, Ensterö et al. 17 applied deep sequencing to analyse the sequences of ~570 individual transcripts from each of three selectively edited mouse genes. Interestingly, positive coupling was found between editing sites separated by 11-14 nucleotides; it seemed that editing first takes place at a highly edited site, and only afterwards on the coupled sites. This suggests that, initially, one ADAR binds an especially favourable editing site, and it then attracts other ADARs to the nearby coupled sites by protein-protein interactions. Short chains of ADARs could thus bind an RNA molecule in register. Notably, this pattern of coupled editing does not seem to extend to promiscuously edited Alu sequences 18, 19 .
Regulation of editing
The spatiotemporal regulation of A-to-I editing is another enigma, because the extent of editing is not well correlated with ADAR expression levels 1, 2 . By detailing changes in the extent of editing, two complementary large-scale studies have recently been applied to this problem.
First, Wahlstedt et al. 20 tracked the extent of editing at 29 editing sites across 11 selectively edited transcripts during mouse brain development. Editing at most of these sites gradually increased from embryogenesis to adulthood. At a few sites the change was less gradual, and at some point in development it makes a jump, but editing increases over developmental time overall.
Second, osenberg et al. 21 looked at editing levels during differentiation of human embryonic stem cells. using both direct sequencing and Sequenom massARRAy technology to assess the levels of editing within eight Alu sequences and the coding regions of five genes, they found that both promiscuous and selective editing decreased during differentiation to different extents in different transcripts.
By detailing changes in the extent of editing, these studies could illuminate how yet unknown regulating factors are involved in the editing mechanism and what biological functions editing serves.
Biological significance most recently, global approaches have also helped us to improve our understanding of the biological significance of A-to-I editing. This editing has been implicated in many phenomena, including tuning of RNAi activity, modulation of neuronal signalling, control of microRNA (miRNA) function, and establishment of higher brain function in humans [1] [2] [3] . Global approaches have been applied particularly to study the last two processes.
Control of miRNA expression and functions. miRNAs are endogenous non-coding RNAs that suppress translation of transcripts. Primary transcripts of miRNA genes (pri-miRNAs) are processed sequentially by nuclear Drosha and cytoplasmic Dicer to form the ~21 nucleotide mature miRNAs that are loaded onto the RNAinduced silencing complex (RISC) 22, 23 . The involvement of A-to-I RNA editing in the control of the miRNA biogenesis pathway and the expression of edited mature miRNAs has been reported 1, [24] [25] [26] . Both ADAR1 and ADAR2 edit specific adenosine residues of certain pri-miRNAs, such as human primiR-142 (ReF. 27 To validate or reject an editing-site candidate, shown as a yellow dot on the genomic DNA or transcript-derived cDNA, the padlock approach can be used 15 . a | A padlock probe is made to anneal to both sides of a candidate site on both genomic DNA and cDNA, and it is then extended by a DNA polymerase and ligated by a DNA ligase. b | This forms a circular piece of DNA that contains the complement of the candidate site, which is amplified by a PCR reaction. c | Individual strands of the PCR product are then sequenced by deep sequencing. d | If only adenosine is seen in the genomic DNA-derived site, but a fraction of the cDNA-derived site contains guanosine, this indicates A-to-I editing. Global and systematic screening for miRNA editing sites has been conducted. Linsen et al. 30 examined small rat RNAs and found six miRNAs edited in at least 10% of reads, one being miR-377 and the remaining five being mature products of pri-miR-376. By sequencing small RNAs, Landgraf et al. 31 found that 2.2% of human miRNAs showed A-to-G transitions. Interestingly, this editing rate is fourfold higher than the 0.5% rate that they observed for mice. This finding is supported by results from Chiang et al. 32 , who found no significant over-representation of A-to-G changes compared with G-to-A changes in mature mouse miRNAs, and from de Hoon et al. 33 , who showed that the vast majority of over-represented RNAgenome mismatches at specific positions in the mouse genome were caused by incorrect mapping of RNA to the genome rather than by RNA editing.
Taken together, these results indicate rates of miRNA editing that are surprisingly low when compared to the number of known functionally significant miRNA editing events. This could be because editing often prevents the maturation of the miRNA 26 and because editing may lead to the degradation of the miRNA 27 , which would prevent detection of the editing in these screens.
Modulation of miRNA target sites. Transcripts become targets of a miRNA by containing 'target sites' to which the miRNA is complementary. Because, as described above, this complementarity can be affected by editing of the miRNA, one may reasonably predict that it could also be modulated by editing of the target site. owing to the huge number of potential target sites, investigation of this prediction has been done using global-scale methods.
Two studies in particular have bioinformatically assessed how many known editing sites fall within target sites that could be destroyed or perfected by an A-to-G change. Liang and Landweber 34 found ~500 such sites in humans, although they point out that these results are reported with low confidence; this is because editing sites tend to be within primate-specific Alu sequences and, without taking cross-species conservation into account, target sites cannot currently be predicted accurately. Furthermore, they noted that the tissues in which the editing took place often differed from those in which the relevant miRNA was expressed. Discounting target site conservation and tissue specificity, Borchert et al. 35 identified more than 3,000 human target sites that were potentially created by editing. Among these, they noticed one particularly common 13 nucleotide motif that they verified as being targetable by miRNA-513 and miRNA-769-3p only when edited.
Although this information itself is valuable, it is clear that a further understanding of the scope and the consequences of miRNA target-site editing will follow further progress in target-site and editingsite identification. It will therefore be interesting to see how the knowledge revealed by these two early studies will be extended in the future.
Higher brain function.
As we share most of our genomes with other primates, the biological differences underlying our higher brain functions are a great mystery. Particularly because many A-to-I editing sites are identified in transcripts of the nervous system [1] [2] [3] , editing could potentially have a role in supporting human capabilities for reasoning. To investigate this, a recent study compared our currently available data on editing in Alu sequences in humans with those in chimpanzees and rhesus monkeys 19 . Although editing levels in all three species are higher than in non-primate mammals, editing levels were found to be higher by twofold in humans than in chimpanzees or rhesus monkeys, even when the This can be used to validate editing sites. b | sequencing of cDNA that has been reverse transcribed from an edited transcript will give a mixed adenosine-guanosine peak at the editing site (Ce -). However, this mixed peak can also have other origins. Cyanoethylation before reverse transcription prevents cDNA from being made from the edited transcripts. A true editing site can therefore be validated by the disappearance of the guanosine peak in the sequencing chromatogram following cyanoethylation (Ce + ) 16 . Figure sequence surrounding the editing site was conserved. Furthermore, among human and chimpanzee genes with newly inserted Alu sequences, genes encoding proteins central to the nervous system are over-represented. This raises the exciting possibility that human A-to-I RNA editing is important to our higher brain functions.
Towards an inosinome
The emergence of biological databases and high-throughput sequencing technology has enabled global experiments that were previously impossible. This has led to the identification of unprecedented numbers of editing sites and the elucidation of some of their functions. It is clear that global experiments will continue to influence A-to-I editing research. Although we now know relatively many editing sites, we know little about how their editing varies by tissue, developmental stage and other parameters. For instance, the procedure developed by Li et al. 15 to identify editing sites could be used to compare editing patterns in patients with dyschromatosis symmetrica hereditaria, who are heterozygous for a functional null mutation in the ADAR1 gene 5 , to those in non-affected controls. This could reveal the specific mechanism underlying the disease. In an early version of such a study, Paz et al. 36 looked at ESTs and found that the extent of editing is nearly halved in brain tumours compared with normal brain tissue, implicating editing by ADARs in the control of proliferation rate.
These emerging global methods do not replace traditional approaches, but rather complement them. Global approaches showing that ADARs have propensities to edit sites in particular patterns call for structural and functional studies of how this propensity comes about. Global approaches demonstrating that editing by ADARs is developmentally regulated would benefit from searches for the regulatory factors.
With the surge of global-scale experiments that generate vast amounts of information, the need arises for a unified way to access this data. So far, scientists using such data have had to access files in various formats from individual publications. The recent creation of the common editing-site database, the Database of RNA Editing (DARNED) 37 is therefore exciting. DARNED aims to map all editing sites to their corresponding positions on the human genome (FIG. 1c) and to provide relevant information such as their environment (for example, coding, untranslated region or intron), the tissues in which editing has been observed and the supporting evidence.
We believe that such a database, if it continues to grow with and adjust to new experimental results, will become a valuable tool for scientists whether they study RNA editing or other fields. Furthermore, as abnormalities in A-to-I editing have been implicated in various human ailments, a database such as DARNED could become valuable as a diagnostic tool in the future. The assembly of our experimental data into an integrated database is reasonable, given that we are dealing with a single phenomenon -A-to-I editing -that has implications for all processes in the cells of humans and many animals.
